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We compute the high-frequency emission and absorption noise in a fractional quan- 
tum Hall effect (FQHE) sample at arbitrary temperature. We model the edges of the 
FQHE as chiral Luttinger liquids (LL) and we use the non-equilibrium perturbative 
Keldysh formalism. We find that the non-symmetrized high frequency noise contains 
important signatures of the electron-electron interactions that can be used to test the 
Luttinger liquid physics, not only in FQHE edge states, but possibly also in other one- 
dimensional systems such as carbon nanotubes. In particular we find that the emission 
and absorption components of the excess noise (defined as the difference between the 
noise at finite voltage and at zero voltage) are different in an interacting system, as 
opposed to the non-interacting case when they are identical. We study the resonance 
features which appear in the noise at the Josephson frequency (proportional to the 
applied voltage), and we also analyze the effect of the distance between the measure- 
ment point and the backscattering site. Most of our analysis is performed in the weak 
backscattering limit, but we also compute and discuss briefly the high-frequency noise 
in the tunneling regime. 

1 Introduction 

In spite of intense theoretical and experimental exploration over the past years, many features 
of one-dimensional strongly interacting systems have not yet been clarified. For example, 
charge fractionalization, which has been observed in fractional quantum Hall effect (FQHE) 
edge states[l], has not been observed directly in carbon nanotubes. Furthermore, though it is 
believed [2|, [3l HI |5] that the statistics of LL quasiparticles can be measured in various setups, 
actual experiments addressing this issue are much fewer [6]. Shot noise is a powerful tool to 
extract information about the charge and statistics of the elementary excitations of a system. 
In particular, it is believed that high frequency noise contains important information about 
the statistics of quasiparticles [H [5] , as well as about the charge fractionalization in systems 
such as carbon nanotubes, where charge fractionalization is masked at zero frequency by the 
metallic leads [71 [8] . While some high frequency noise measurements have been performed for 
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diffusive conductors [9] , the relevant range of frequencies was until recently too high and out of 
the experimental reach for one-dimensional systems; with new experiments being developed 
[TOl [TT] . this range of frequencies will likely become experimentally accessible in the near 
future. Moreover, these groups will have access to the non-symmetrized noise, i.e. both the 
emission and the absorption portions of the noise. The emission noise (the non-symmetrized 
noise at positive frequencies) quantifies the amount of photons of specific frequencies which 
are emitted by the fluctuating system, while the absorption noise (the non-symmetrized noise 
at negative frequencies) measures the amount of photons emitted by an active detector that 
can be absorbed by the fluctuating system. In general the emission noise is non-zero only 
when energy is put into the system (e.g. by applying an external voltage, or working at 
finite temperature), and only for frequencies smaller than the applied voltage/temperature, 
consistent with energy conservation; however there is no such constraint on the absorption 
noise. 

High-frequency symmetrized noise at zero temperature has been addressed theoretically 
[121 [131 [E] • Similarly, some aspects of the non-symmetrized noise have been addressed theoret- 
ically for non-interacting systems flU] and for situations in which the effects of interactions can 
be taken into account perturbatively ^Lbj . However, non- symmetrized noise in one-dimensional 
interacting systems has not been previously analyzed theoretically. 

Here we compute the high-frequency finite-temperature non-symmetrized noise in a FQHE 
sample at filling factors of a simple fraction u = l/2n + 1 form, and we compare the results 
to the symmetrized noise. Most of our analysis is done for the weak backscattering limit, but 
we also compute and discuss briefly the opposite strong-backscattering limit. 

The symmetrized noise is proportional to the Fourier transform of the expectation value 
of the anticommutator of two current fluctuation operators {{Aj{y,0),Aj{x,t)}); the non- 
symmetrized noise is proportional to the Fourier transform of {Aj{y,0)Aj{x,t)). We should 
stress that we can obtain access to both the quantum regime when the frequency is much 
larger than the temperature, and the classical regime, in which the frequency is much smaller 
than the temperature. We focus on 

• the auto-correlations (noise) in the total current flowing trough the system, 

• auto- correlations and cross- correlations of individual currents flowing trough the four ter- 
minals of a FQHE sample (see Fig. [T|). 

The auto-correlations of the total current, as well as of individual branches contain two 
types of noise: 

• noise in the absence of backscattering (which is also independent of voltage). 

• backscattering-induced noise (which is the difference between the noise in the presence and 
in the absence of backscattering) . 

The cross-correlations between the outgoing right-movers and the outgoing left-movers are 
solely backscattering-induced. In our analysis we will focus mainly on the backscattering- 
induced component of the noise, as it probes the very nature of quasiparticles. 

When we study backscattering-induced noise we also need to distinguish between 

• zero voltage noise, 

• the excess noise, which is the difference between the noise at a finite voltage and the noise 
at zero voltage. Since the noise in the absence of backscattering is independent of voltage, 
this is the same as the difference between the backscattering-induced noise at a finite voltage 
and the backscattering-induced noise at zero voltage. 

We focus first on the auto-correlations of chiral outgoing branches, and the cross-correlations 
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between outgoing branches with opposite chirahties. We find that these are entirely even in 
frequency, and also do not depend on the distance between the point where the current is 
measured and the backscattering site. The most striking feature observed is a singularity at 
the Josephson frequency (JF) uq = veV/Ti (proportional to the applied voltage V , and to the 
filling factor v equal to the fractional charge g). This feature appears as a cusp in a non- 
interacting system {v = 1) such that the noise decreases linearly from 2gelB at zero frequency 
to zero at the JF. For interacting systems with g < 1/2, for example for g = p = 1/3 the 
noise exhibits an inverse power-law divergence at the JF, and decays to zero for frequencies 
larger than the JF. At finite temperature the singularity is rounded-off, and the noise exhibits 
a peak slightly below the JF. The position and the width of the peak, as well as the manner 
in which the noise decays to zero above the JF depend on temperature: at low temperature 
the peak is very sharp and close to the JF, but when the temperature is increased the peak 
moves to lower frequencies, widens and disappears completely for temperatures comparable to 
the applied voltage. The zero temperature limit of our results is consistent with the behavior 
of the symmetrized cross-correlations obtained in Ref. [T^ . 

Next we analyze the dependence on frequency of the non-symmetrized noise in the total 
current. We focus first on the situation in which the distance between the point where the 
current is measured and the backscattering site is much smaller than vp/uu, where vp is the 
Fermi velocity, for all frequencies u probed experimentally. We find that the emission noise 
is roughly equal to the noise in the outgoing chiral branches, however the absorption noise 
exhibits a positive peak slightly below the JF, and a negative dip slightly above the JF. The 
average of the two, which is the symmetrized noise, is similar in structure to the absorption 
noise. 

Another important quantity that we study is the non-symmetrized excess noise (the differ- 
ence between the non-symmetrized noise at finite and zero voltage). Consistent with previous 
findings [TU] we show that this is even for non-interacting electrons. However we find that 
it becomes non-symmetric in the presence of interactions. This is a signature of Luttinger 
liquid physics which will probably exist also in other one- dimensional systems such as carbon 
nanotubes even in the presence of metallic leads. 

If the distance x between the backscattering site and the measuring point is significant, 
oscillations with a period 2'kvf/i'x in the noise dependence on frequency also appear. Such 
oscillations do not occur in the auto-correlations of individual branches or in cross-correlations 
of outgoing branches, but are manifest in the absorption noise and in the symmetrized noise 
of the total current. If an average over the position of the measuring point is performed, both 
the non-symmetrized and the symmetrized noise are reduced to the form of the individual 
branch correlations described previously. 

We treat the edges of the FQHE as infinite chiral Luttinger liquids, and we use a pertur- 
bative Schwinger-Keldysh formalism [16j to compute the backscattered current and the noise 
up to second order in the backscattering amplitude. In section 2 we present the basics of the 
mathematical formalism used to calculate the noise. Some of the details of the calculation are 
outlined in Appendices A and B. In Section 3 we present our results for the non-symmetrized 
noise and a comparison with the symmetrized noise. In section 4 we discuss our results in 
comparison with the Landauer-Biittiker approach, we discuss also the correspondence with 
the generalized Kubo formula and with the fiuctuation-dissipation theorem, as well as the 
results for the high-frequency non-symmetrized noise in the tunneling limit. We conclude in 
section 5. 
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2 Formalism 




Figure 1 : Schematics of the sample 



We model the edges of the FQHE as an infinite Luttinger hquid described by the Hamil- 
tonian 

H = Ho + Hb, (1) 

where TCq describes the interacting one-dimensional system, and Hb accounts for the backscat- 
tering. Explicitly, we have 



Ho = [ dx 



oo 



n2 + -(9.$)2 



(2) 



1 
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Hb = re^^*(^°'*)+^^'=^^'' + /i.e. (3) 



Here, ^{x,t) = + ^L{x,t) is the standard Bose field operator in bosonization and 

Il{x,t) = dt^{x,t)/vF is its conjugate momentum density. The parameter g is the value of 
the fractional charge of the free excitations of the model; for the FQHE it has been shown [17] 
that g is equal to the filling factor u. Also kp is the Fermi wavelength, and Xo is the position 
of the backscattering site; for simplicity we will set Xo to zero in our calculations. 

In bosonization, the current operators are related to the bosonic chiral fields ^r/l through 

JR/L {X, t) = -^dt^R/L (x, t) (4) 



and 

3{.x,t) = iR{x,i) + iL{x,t). (5) 

The presence of an applied voltage can be taken into account by the shift in the tunneling 
operator such that F — >• Fe*"^"*, where ujo = geV/Ti is the Josephson frequency associated with 
the applied voltage. 

The finite frequency non-symmetrized noise S\^^{x,y,uJ) is defined as 

/■oo 

Sl,{x, y,uj) = 2 dt e'^' {A^y, 0)AUx, t)) , (6) 



where a,b stand for the right/left moving indices, and Aja{x,t) = ja{x,t) — {ja{x,t)) is the 
current fluctuation operator at position x and time t. For positive frequencies, Eq. ([6]) 
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corresponds to emission noise, and for negative frequencies it corresponds to absorption noise. 
The noise in the total current is given by 

S^{x, y, uj) = y, u) + Sl^ix, y, uj) + ^^^(x, y, uj) + y, uj). (7) 

The symmetrized noise can be obtained by symmetrizing the above with respect to frequency, 
i.e. 

Sabix, y, ^) = [Slbix, y, ^) + Sl^iy, X, -uj)]/2, (8) 

and similarly for the noise in the total current. The calculation of the symmetrized and 
of the non-symmetrized noise is performed using the non-equilibrium Schwinger-Keldysh 
formalism [16]; the details are presented in Appendices A and B. 



3 Results 

We find the noise in the absence of backscattering to be 

slbix,y,^) = Sab C {x,y,u) (9) 

71 

slbi^^y^^) = Sab C^{x,y,uj) (10) 

71 

or equivalently, using the Keldysh transformations presented in the Appendices, 

2 2 

s:b{x,y,u;) = 5ab^{C'^ix,y,u;) + a[C^{x,y,cu)-Cf{x,y,u)]} (11) 

71 

Since our formulas will apply both for symmetrized and non-symmetrized noise, we will use 
the index a to distinguish between them, such that a = for the symmetrized noise and a = 1 
for the non-symmetrized noise. Also C~^~ is the Fourier transform of the two point correlator 
which is given by C^~(x, 0; |/, t) = ($a(?/, t)$6(x, 0)). We can see that Eq.Q is consistent 
with the definitions from Eq.(jll). The C^"^''^ are the corresponding Fourier transforms of 
the retarded, advanced and symmetric Green's functions of the system in the absence of 
backscattering. They are presented in detail in Appendix B, and we can write 

C^/^{x,y,u;) = -£e^^^-^'^~yy^-9[±{x - y)] 
Cf/j,ix,y,u) = l-e^^^-^-~y^'^-9[T{x - y)] 

9 ^^iau){x-vMv,, f ^ 



C^,^{x, y, uj) = ^e^^9-i-y)/-^ coth { . (12) 
L/RK J \2knT) ^ ' 



2kBT. 

For simplicity we present two situations, x = y > (the currents are measured at the same 
position), and x = —y > (the currents are measured at equal and opposite distances from 
the backscattering site). More general situations can be easily obtained from the formalism 
presented in the Appendices. For x = y > we can write for the noise in the absence of 
backscattering: 

s%r{x,x,uj) = s'Il{x,x,uj) = coth (^^1^)- a (13) 
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for the chiral branches, with the cross-correlations between the right and the left-movers 
vanishing in the absence of backscattering: s^^(x, —x,uj) = 0. For the total current we find 

s"(a;,a;,a;) = ^^[coth (-J^) -aj. (14) 



TT 



2kBT 



As also described in the Introduction, the total noise is the sum of the noise in the absence of 
backscattering and of the backscattering- induced noise: S°'{x, y, u) = s"(x, y, u)+6S°'{x, y, co). 
Following the treatment described in Appendix A, using the same notations and following sim- 
ilar lines with Ref . [7] , we find that the backscattering-induced components of the correlations 
between chiral currents can be written as: 

^Sabix, y, uj) = S^f,{x, y, uj) + S^f,{x, y, u) + aS^(x, y, u), (15) 

where again a = for the symmetrized noise and a = 1 for the non-symmetrized noise. Here 
we have 

Sf,ix,y,uj) = -— Cf(x,0,cu)C7(i/,0,-a;)/A(a;), (16) 
vr 

SZix,y,u) = -—[C^ix,0,uj)C]^iy,0,-uj)fci-uj) 

71 

+CT(x, 0, u;)C^{y, 0, -^)/c(^)], (17) 
S^,{x,y,u;) = --[C^{x,0,u)C^{y,0,-u;)fci-u;) (18) 

TT 

-Cf{x,0,u)C^{y,0,-uj)fc{uj)]. 
The functions /yi(t^) and /c(t^) are given by 

/oo 
dte'-'{{AMt),AjBm). (19) 
-oo 

where AjBit) = jBit) — {jBit))- The expectation values are performed with respect to the 
full action. Also, ^^(t) is the backscattering current operator at the backscattering site 

Similarly 

/■oo 

fc{u^)= dt{e'-'-l){[jB{t).jBm) ■ (21) 
Jo 

In this notation, the emission noise is the non-symmetrized noise taken at positive fre- 
quencies, while the absorption noise is the non-symmetrized noise at negative frequencies. 

We note that by summing up the chiral components of the noise to obtain the noise in the 
total current, we recover the same structure for the symmetrized noise as the one presented 
in Ref.j?]. 

Up to this point the calculation is non-perturbative and we can analyze a few non- 
perturbative features of our results. For example we note that if one studies the case x = y > 0, 
the fluctuations in the chiral currents will be independent of position. Similarly for the situ- 
ation X = —y > 0, the cross-correlations between the outgoing right-movers and the outgoing 
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left-movers are spatially independent. This is because the noise terms described above de- 
pend on position only through the free propagation of a chiral moving mode from the first 
measuring point to the backscattering site Cl/r{x, 0,uj), and through the free propagation of 
another chiral mode from the backscattering site to the second measuring point CL/ji{y,0, —u). 
Thus the total phase accumulated during the propagation cancels for SSrr/ll{x, x, u) and for 
SSrl{x, —x,u) which are position independent. However other quantities, such as the cross- 
correlations between the incoming and outgoing right-movers SSrrIx, —x,uj), are affected by 
interference effects, and are hence position dependent. 

We also note that, as it can be seen from the above non-perturbative formulas and from 
Eqs. f|T2l) . the chiral 6S}^j^{x,x,u), and 5S']^^(a;, — x, a;) current correlations are equal to each 
other, and also even in frequency (independent of a - the emission noise is equal to the 
absorption noise). However 5S'^^(x, —x,u) and the backscattering noise in the total current 
SS^{x,x,u!) are non-symmetric (dependent on a - the emission noise is different from the 
absorption noise). 



3.1 Perturbative results 

Using Eq. ffTSj) we can now evaluate our results perturbatively up to second order in T to find 



SS%ji{x, X, uj) = SS'^^i^, -X, Lj) 
h{uj + mujo) 



ge ^ jcoth 

m=±l 



2kBT 



coth 



2kBT 



Ib{oj + muJo). 



Similarly 



^Srr/ll{x,-x,u) = T— 



coth 



2kBT 



a 



(22) 



(23) 



The other cross-correlators are evaluated in Appendix A in Eq. fl89p . Using the above formulas 
and Eq. (15^ . we find the noise in the total current to be: 



SS°'{x, x,uj) = ge < coth 



coth 



huj 

2kBT 



m=±l 



a 



h{uj + mojo) 
2kBT 



.2k bT 



(24) 



/b(u; + rauoQ) cos ^ 



m=itl 



2gujx\ ^ .g^ . (2gujx . / n , . / m 



where we can evaluate fc (presented in Eq. (l^ ) perturbatively: 



fciuj) = 4m[ -j |rp j dt{e'^' - 1) cos(^ot) 



TitkBT 



h s\.Y\h.{T:tk bT / h) - 



29 



Also 



iBm = -g|rp^,(n) 

n 



lTii[{l+iteh/n)-^']. (25) 

(26) 



is the value of the backscattered current for an applied voltage equal to fi, with 



sin (tut) 



TltkBT 



-h smh.(TTtkBT / h) . 



2g 



lm[{l + iteh/n)-'^3]dt. 



(27) 
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When taking into account huj <^ th this becomes 



J^g{uj) ^ - sin(7r^) ('^lML\^\'^9 f sin(^^) sinh'^^ {7rtkBT/n)dt 
^ e/i ^ Jo 

(„)(^)'V-r(i - 29) [ J^^'-% - 

V eh ) \-V[\ — q — luj] V[\ — g\iuj) 



= I sm 

where cD = huo /2TikBT . 
For ^ = 1/2 

^1/2 (t^) 

while for g = 1 (non-interacting system) 



(28) 



77% / huJ 

tanh — — — 

2eh \2kBT 



^i(^) 



a; 



(29) 



(30) 



We can note directly from Eq. 0251) that for frequencies much larger than the temperature, 
i.e in the quantum regime, the emission noise (cu > 0) is independent of position, and it decays 
to zero for frequencies shghtly larger than the Josephson frequency. 

We evaluate some simple limits {g = 1, and = 1/2) to obtain: 



55° 



— I (u + mcuo) coth 

UJn I 

" m=±l 



huj + mhuo \ 

2ksT 



2 coth 



2kBT 



a 



} (31) 



for (7 = 1, where Is is the value of the backscattering current. The result for the symmetrized 
noise (a = 0) is in agreement with the Landauer-Biittiker formalism [18] which finds that the 
noise dependence on frequency for an arbitrary amount of backscattering is: 



2Txh 



T(l - T) > {huj + meV) coth I — - — ) + 2Tnuj coth 



2kBT 



(32) 



where T is the transmission of the barrier. We see that by taking the limit T — 1 (weak 
backscattering), and expanding this result in 1 — T oc |rp we retrieve the same behavior as 
that presented in Eq. (l3T|) . 
For (yf = 1/2, we obtain 



5S" 



2 coth 



huj 

2kBT 



— a 



tanh ^ 



2kBT 



coth 



hujQ 

2kBT 



(33) 



which for a = (symmetrized noise) is consistent with the small F limit of the exact calculation 
presented in Ref. [1^ performed using a scattering approach. 

We also note that the expansion of Ib{x) around x = is of the form of ax + bx^. Similarly, 
Ib{x) ~ a;^^~^ for x ^ 1. This is consistent with the standard Luttinger liquid theory, where 
the current is linear with voltage for voltages much smaller than the temperature, and has a 
power-law dependence on voltage for voltages much larger than the temperature. Also, this 
implies that the zero-temperature inverse power-law divergences in the first term in 6S at the 
JF are rounded off quadratically at finite temperature. The second term in SS is linear in the 
vicinity of the JF. 
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Before plotting our results we will also say a few words about the range of validity of 
the perturbative expansion. To ensure that the perturbative approach is valid we need to 
check that the backscattering-induced noise is much smaller than the noise in the absence 
of backscattering. For frequencies far from the Josephson frequencies this translates into 
the criterion: [max(eV, fc^T, u;)/e/i]^~^^ ^ |rp/e/t, where et is the high energy cutoff of the 
problem. For the regime when uj is comparable to ujq, the criterion is harder to write down, 
and we have to check that the height of the peaks near the Josephson frequency is sufficiently 
limited by the temperature. 

In Fig. [2] we plot the non- symmetrized backscattering-induced correlations between the 
chiral currents 6S}iji{x,x,uj) = (5S'^^(x, — x, cu). These correlations are even, and independent 
of position. They also exhibit a singularity at the JF ujq = geV/h. This is cusp-like for a 
non-interacting system {u = 1). For g = 1/2 the noise has a step-like transition, while for 
g = u = 1/3 the noise exhibits a peak slightly below the JF, and falls to zero for frequencies 
larger than the JF. 
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Figure 2: The backscattering-induced non- symmetrized cross-correlations between the outgoing 
right-movers and the outgoing left-movers renormalized by gelB plotted as a function of frequency 
(in units of loq) for g = v = 1/3 (full line), g = v = 1 (dashed line), and g = 1/2 (dotted line). The 
g = 1/2 situation does not correspond to any FQHE state, but is drawn here only for comparison. 
We set ksT /fiLOQ = 0.03. Note that the cross-correlations are even (the emission component is equal 
to the absorption component). Note also that this plot describes also the excess cross-correlation 
noise (the zero voltage cross-correlations vanish), and that in the absence of backscattering the 
cross-correlations are zero. 

From Eq.( l22l) we can see that in the absence of an applied voltage the correlators described 
above vanish (the backscattering-induced noise is equal to the excess noise). Also, while the 
fluctuations in the current of outgoing right-movers are non- zero in the absence of backscatter- 
ing, there is no such component for the cross-correlations between the outgoing right-movers 
and the outgoing left-movers. Thus the cross-correlations are of great experimental relevance 
when we are interested in isolating the backscattering-induced noise; while for some of the 
noise quantities that can be measured in a FQHE four-terminal setup the contributions in the 
absence of backscattering (of order 1) may mask the backscattering-induced noise (of order 
|rp -C 1), this is not the case for the cross-correlations. 

We now present our results for the non-symmetrized noise in the total current. For sim- 
plicity we start with the limit gujx/vp ^ 1 which is presented in Fig. [31 Consistent with 
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Eq. (!22l) . we see that the emission noise is similar to the chiral current correlations presented 
above. At low temperature the emission noise vanishes for frequencies larger than the JF, 
consistent with the intuitive picture that no photon with an energy larger that the applied 
voltage can be emitted by the fluctuating system. While the emission noise behaves similar to 
the chiral current correlators, the absorption noise exhibits a positive peak slightly below the 
JF, and a negative dip slightly above the JF. The function connecting the negative and the 
positive resonances has a linear dependence of frequency when it passes through the JF. As 
depicted in Fig. [3l with increasing the temperature the peaks broaden and move away from 
the JF, to disappear for temperatures of the same order of magnitude as the applied voltage. 
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Figure 3: The backscattering non-symmetrized noise in the total current 6S^{x,x,uj) renormalized 
by gelB plotted as a function of frequency in units of ujq for g = v = 1/3 and different temper- 
atures kBT/hujQ = 0.01(full line), kBT/htOQ = 0.1 (dotted line), ksT/huJo = 0.3 (dashed line), 
and ksT/TiLOQ = 1 (dashed-dotted line). We consider guox/vp <^ 1 and for simplicity we denote 

The corresponding excess noise is depicted in Fig. HI Indeed, as described in Ref. [TO] , 
the emission and absorption excess noises are equal for non-interacting electrons. However, 
they are different in the presence of interactions. The asymmetry between the emission and 
absorption high-frequency excess noises is an important signature of Luttinger liquid physics 
which should be looked for also in carbon nanotubes where the presence of metallic leads 
masks the physics of charge fractionalization in the zero frequency noise. Also, we note that 
the absorption excess noise can even become negative in some regions of frequency for g < 1/2. 
A similar behavior was also found for the symmetrized noise of one-dimensional interacting 
systems connected to metallic leads [7], as well as for the case of a ballistic single- channel 
quantum wire, capacitively coupled to a gate [19] . 

The dependence of the absorption noise on frequency in the limit in which gujx/vp is of 
order 1 is presented in Fig. [5l For the temperature considered here, ksT /fiuo = 0.03, the 
emission noise is basically unchanged and is still characterized by the behavior presented in 
Fig. [3l note that oscillations with a period of nvp/gx appear in the absorption part of the 
noise. By averaging over the position of the measuring point, the absorption noise in the total 
current actually becomes equal to the emission noise. 

The total non-symmetrized noise (including the noise in the absence of backscattering) 
described by Eq.l fTTi) is depicted in Fig. El We see that the emission spectrum is solely 
backscattering-induced, consistent with the fact that at small temperature the amount of 
photons that can be emitted by the system is very small if no energy is transferred to the 
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Figure 4: The excess noise in the total current Sy{x,x,uj) — Sy^Q{x, x,u;) (in units of gels), as a 
function of frequency (in units of wq) foi' = 1 (dashed hne), v = 1/3 (full line) and i/ = 1/2 (dotted 
line). We set ksT/hooQ = 0.03 and gojx/vp ^ 1- For simplicity we denote S^{x,x,uj) = S'^{uj). 
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Figure 5: The backscattering absorption noise in the total current 5S^{x^ x, u; < 0) (renormalized by 
gels) as a function of frequency (in units of ujq) for g = u = l/2> (full line), g = v = 1 (dashed line). 
We set kBT/hujQ = 0.03. For positive frequencies (emission noise), we retrieve the same behavior as 
the one described in Fig. [3l 
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Figure 6: The total non-symmetrized noise = s^ix^x^^jS) bS^{x^x^iS) in the total 

current (including the noise in the absence of backscattering) for 5 = 1 (dashed line) and (7 = 1/3 
(full line) (in arbitrary units), as a function of frequency (in units of wq), for gujx/vF <C 1. We set 
ksT/hujQ = 0.03. For simplicity we denote S^{x,x,uj) = S^{uj). 



system (e.g. through applying a voltage). 

Next we focus on the symmetrized noise. We note that in general it is not identical, but 
it has a similar behavior to the absorption noise. In Fig. [7| we plot the symmetrized excess 
noise in the total current as a function of frequency for a few values of the parameter g, when 
gux/vp <^ 1. For a strongly interacting one-dimensional system such as the one described by 
g = 1/3, the excess symmetrized noise has regions in which it becomes negative, similar to 
the absorption excess noise. Experimentally this may be used as a the signature of Luttinger 
liquid physics in the presence of strong interactions between electrons. 
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Figure 7: The symmetrized excess noise in the total current Sy{x,x,io) — Sy^q{x,x,lo) in units of 
gelB , as a function of frequency in units of iov g = v = 1/3 (full line) , g = = 1 (dashed line) , 
and g = 1/2 (dotted line). We set ksT/hojQ = 0.03 and gujx/vp ^ 1. For simplicity we denote 

S^{x,x,uj) = S^{uj). 

When gujx/vF is of order 1, the dependence of the symmetrized noise on frequency is 
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depicted in Fig. [HI We note again the presence of oscillations with period nvp/ gx, similar to 
the case of the absorption noise. If an average with respect to the measuring point is performed, 
the symmetrized noise also reduces to the behavior of the cross-correlations presented in Fig. [2l 



Figure 8: The symmetrized backscattering-induced noise in the total current 5S^{x,x,u}) (renor- 
malized by gels) as a function of frequency (in units of ujq) for u = g = \/2> (full line), and 
u = g = 1 (dashed line). The ratio (jJo/ujl is set to 10, where the energy scale associated to the 
length uJL = vp/gx. We set kBT/hujo = 0.03. 

For the case of the total symmetrized noise the noise in the absence of backscattering (of 
order 1) gives rise to a linear background with a slope proportional to g; backscattering (of 
order |rp) creates a small cusp-like feature at uq for g = 1 and a small "bump-like" feature 
for g = 1/3. This is also similar to the absorption noise in Fig. [61 

We would like to mention here that this behavior if similar to the behavior of a different 
physical system; as it turns out, one can map the impurity problem in a Luttinger liquid to the 
problem of a coherent one-dimensional conductor embedded in an ohmic environment with an 
arbitrary resistance [20] . For the latter, the high frequency symmetrized noise was computed 
[H] by combining a scattering matrix approach with a real time effective action formalism, 
and a similar behavior was found, with the difference that the Josephson singularity appears 
in that situation at a value proportional to the value of the voltage across the sample U and 
not to the value of the voltage source V. We will examine the consequences of this mapping 
for the high-frequency non-symmetrized noise of a coherent conductor embedded in an ohmic 
environment in a separate publication. 

4 Discussion 

4.1 Comparison with the Landauer-Biittiker approach for the sym- 
metrized noise 

We can compare our results to those obtained using a standard Landauer-Biittiker (LB) 
approach [18] for non-interacting electrons. In the limit when the distance from the backscat- 
tering site to the measuring point is very small, ux/vp -C 1, we can write the symmetrized 
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Figure 9: Schematics of the sample 



noise in the total current 

s\t) = {{iR..M + hM,iR..M + hM) (34) 

where lR/Li„/out ^'^^ currents of incoming/outgoing right/left movers with the convention 
that all currents are positive if flowing from left to right in Fig. [91 The tunneling current 
between the two edges is denoted Ib- Noting that J/j.,^ — Ir^^^ = lLi„ — I Lout = -^b, we can 
rewrite the total noise (up to terms of the form {lR/Li„lR/Li„)) as 

s\t) = {{iB{t)jBm) + {{iRoMJR.M}) + {{iLoM,h.M}) 

+ {{lR^At),lRo.M}) + ({/L,„(t),/w(0)}) (35) 

We can connect this relation to our results presented in Eqs. (11611171) . We can identify the 
fluctuations in the tunneling current between the edges ({/^(t), /^(O)}) with the term 5*^ 
in Eq. flTB]) . As described in Eq. flS^ . for non-interacting systems this term will be given by 
T(l — T) J2m=±ii^^~^™^^) coth[{hu + meV)/2kBT]. Perturbatively we found this term to be 
^rn=±i coth[{uj + muo) /2kBT] iBiyj + muJo). In the case of small backscattering 1 — T ^ |rp, 
and the two expressions are consistent in the non-interacting limit for which Ib{^) oc uj. 

Similarly we see that we can identify the Fourier transform of ({/Ro„i(t), /r,„(0)}) 
H{ho^At)JuM}) H{lR.St)JRouM}) +({^L.„(t),/L„„.(0)}) with the term denoted Sc in 
Eq. (ll7p . We note that this term is due to correlations between currents in the same reservoir. 
In the LB formalism in the absence of interactions (see Eq. fl32|) ) this term is proportional to 
Tfiuj coth.{hu/2kBT), while perturbatively we found it to be proportional to — coth(a;/2/csT) 
^rn=±i iBij^ + fnuJo). We see that again the two expressions agree in the non-interacting limit 
for which Ib{uj) oc a;, in the case of small backscattering. 

In a four-terminal setup such as a FQHE bar, one has experimental access to the chiral 
current correlations as well as to the noise in the total current. We can see from the for- 
mulas presented in Eqs.( !22][25|) that in this situation one can also measure the two terms 
described above separately, for example by combining the symmetrized cross-correlations 
and the symmetrized noise in the total current: Sa = 255'^^ (x, —x, a;) — 6S'^{x,x,uj) and 
Sc = (5S'°(x, X, u) — 6S^^{x, —X, u). Similar combinations of the emission and the absorption 
noise could also be used to separate the two terms. The individual measurements of Sa and 
Sc may allow one to extract important information about the system; for example we note 
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that for non-interacting systems Sc is voltage-independent; the fact that Sc depends on volt- 
age only in the presence of interactions could provide a direct way to reveal them in a FQHE 
system. 

4.2 Generalized Kubo formula 

It has been shown that one can also write a generalization of the Kubo formula for non- 
linear systems in the linear regime corresponding to small values of the applied voltage. In 
this regime the antisymmetric part of the current noise can be related to the differential AC 
conductivity such that 

Si-uj) - S{uj) = 2hujGdiuj) (36) 

where Gd{uj) is the differential conductivity of the system. We can derive a more general rela- 
tion for our system by analyzing the antisymmetric part of the noise. We start from the general 
position-dependent non-perturbative results presented in Eqs.( |TT|T6|17fl8l) . and we analyze 
the connection between the noise and the Green's functions of the system modified to take 
into account the effect of local backscattering. Thus, we can rewrite Eqs. fllllll6fl7fl8l) such 
that the total symmetrized current fluctuations are related to the Keldysh Green's function 
C in the presence of backscattering: 

2 2 

S\x,y,u) = ^-^C'^{x,y,uj) (37) 

TT 

while the non-symmetrized noise is related to C+~: 

S\x,y,u) = ''^C^-{x,y,u) (38) 

TT 

where consistent with our previous notations, the indices and 1 denote the symmetrized/non- 
symmetrized noises respectively. 

Here we can see that Eqs. flll|16|17lll8l) imply that the Green's functions and C^-^ 
obey Dyson- type equations with the roles of self-energy being played by the functions /yi(i^) 
and fc{'^). 



e^C^{x,y,u) = e^C'^{x,y,uj)-C'^{x,Q,u)f,{uj)C'^{Q,y,u) (39) 

C^{x,y,u) = C^(i/,x,-cu) (40) 
e^C'^{x,y,u) = e^C'^{x,y,u)-C'^{x,0,u;)fA{u;)C^iO,y,u) 

-C^(x, 0, cu)fciu;)C'^{0, y, cu) - C'^{x, 0, cu)fc{-io)C^iO, y, co) (41) 

Noting that by the definition of the Keldysh transformation 

= C'^ + C-^ - (42) 

we can see that the difference between the symmetrized and the non-symmetrized noises 
comes from C'^ — C^. Notice that a similar behavior will be observed if one works with the 
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chiral Green's function instead of the total Green's functions. Thus for the fluctuations of the 
current evaluated at the same position in space we can write: 

e^iJ' ~ _ ~ _ 

S^{x,x^uj) — S^{x,x,—uj) = [C"*" (x, XjCu) — C+ (x, X, — cu)] 

= C-^(x, X, u) - C-^(x, X, -uj) - C^(x, X, uj) + C^(x, X, -u) (43) 

We can also show that C^(x, x, — cu) = C^(x, x, c<j) = — C^(x, x, — lij)*, and we can rewrite the 
above exact expression as 

S\x,x,-u:)-S\x,x,uj) = Re[C^(x,x,w)]. (44) 

If we use the definition of the retarded Green's function presented in Eg. (1971) . and the definition 
of the current in Eq.(jl]), we find uj'^C'^{x,x,uj) to be proportional to the Fourier transform of 
the non-linear response function of the system 9it — t')([ja(x, t), ja(x, t')]). 

In the limit eV -C hu we can relate the non-local AC conductivity and the retarded Green's 
function by 

a(x, y, u) = ^^C^(x, y, u) (45) 

and we find that 

S^{x, X, —cu) — S'^{x, X, to) = AhujRe[a{x, x, cu)]. (46) 



This extends the generalized Kubo formula presented in [21]. The extra factor of 2 is due to 
our definition of noise. 

We can now also verify explicitly how our perturbative results satisfy this condition. For 
clarity we focus on the case ux -C 1 and we drop all spatial indices. We find: 

S\-u)-S\uj) = s\-uj)-s\uj) + 6S\-uj)-6S\uj) 



- 2ge lB{io + muo) (47) 



m=±l 



We note that for small applied voltages this can be expanded as 

S\-u) - S\uj) = Ahuaoiuj) - Ageleioo) (48) 

where (Jo{uj) = ge^/h is the unperturbed conductivity of the system. 
Following Ref. [7] we define the conductivity of the system to be 

(j(x, y, u) = (To(x, y, uj) + assix, y, uj) (49) 

where ao{x,y,uj) = ge'^/h is the conductivity of the system in the absence of the backscatter- 
ing, and 

2 /ttA^ ^ 



(Tbs{x, y,uj) = -— { — ] ao{x,0,uj)ao{0,y,uj) 



X 



dt (e^-* - 1) f 5^ 5 e4.C(0,.i;0,0) j (gg) 
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is the contribution to the conductivity due to backscattering. Here C is the generahzed two- 
point function for an infinite Luttinger hquid in the absence of backscattering given in Eq. llHT] 
of Appendix A. The backscattered current can be expressed in terms of this conductivity as 



Re[crBs( 



UJ 



3^ T ( \ 



Thus we can write 



S\-uj) - S\uj) = Ahuj{cxo + Re[aBs(cu)]} 
which is consistent with the generahzed Kubo formula presented above. 



(51) 
(52) 



4.3 Fluctuation dissipation theorem 

We check that the noise at zero vohage can indeed be related by the fluctuation-dissipation 
theorem to the real part of the conductivity. The noise is described by Eqs. fl37ll38p presented 
in the previous subsection. At zero voltage we expect that 



C'^{x,y,uj) = 2 coth 



2kBT 



Re[C'\x,y,uj)] 



(53) 



In the absence of backscattering, we see from Eq. ([T2l) that this is indeed the case. Using 
the relation between the retarded Green's function and the conductivity in Eq.( H5|) . we then 
expect 



S'°(x, X, Lu) = 2huj 



coth 



a 



Re[cr(x, X, u)]. 



(54) 



We can check how this relation is satisfied by our perturbative results. We found that the 
noise in the absence of an applied voltage is: 



S"{x, X, u) = coth 
which can be rewritten as 

S"'(x,x,uj) = 2huj coth 



huJ 
2kBT 



a 



TT 



2gelB{uj) 



2kBT 



a 



{ao{x,x,uj) + Re[aBs{x,x,uj)]}. 



(55) 



(56) 



This is indeed the fluctuation-dissipation theorem for the symmetrized and for the non- 
symmetrized noise. 



4.4 Tunneling limit 

For completion we can also analyze the noise in the limit when the magnitude of the backscat- 
tering is very large. In this limit we can treat the system as being disconnected into two 
subsystems by the scattering site, with only a small amount of tunneling between the two 
subsystems. This limit is not so relevant for measuring the fractional charge of the quasipar- 
ticles, as in this situation the shot noise contains primarily information about the electrons 
tunneling between the two subsystems. We thus expect the ratio of the noise at zero frequency 
to the tunneling current to be proportional to e instead of ge [22]. Also, the Josephson fre- 
quency is shifted to eV/h instead of geVTi. The total noise in this limit is given solely by a 
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It 



Figure 10: Schematics of the sample for the tunneling regime 



single term describing the fluctuations in the tunneling current between the two edges. For 
simplicity, we restrict ourselves to the limit ujx/vf <C 11 and we find the noise to be: 



li{uj + mCjo) 
2kBT 



= e coth 



m=±l 



a 



It{uj + mojo) 



with uq = eV/h, and 



where It is the tunneling current operator between the two edges. Similarly 



dte 



iuit 



Also 



is the value of the tunneling current for an applied voltage equal to u, with 



^v,M = -in(-)(^)'V»-r(i-2/9) 



T{l/g - tu) 



T{l/g + zu) 



T{l-l/g-tCu) T{l-l/g + iu) 



(57) 
(58) 

(59) 
(60) 

(61) 



where uj = huj/2TTkBT. 

We see that indeed at zero frequency, the symmetrized noise S^{uj ^ 0) = 2eIt{oJo), while 
at high frequency the noise has a singularity at a Josephson frequency ujq given by eV/h. 
Also, information about the Luttinger liquid characteristics of the FQHE edges is contained 
in the 1/g exponent, which is the dual of the g exponent in the case of small backscattering 
between the two edges. When we plot the non-symmetrized noise as a function of frequency 
for a few values of g (see Fig. [TTj) . we find that indeed the case of 5^ = 1 is consistent with the 
known results for non-interacting fermions. The case of small g shows that indeed the noise 
has a power-law dependence cj2/9-i on frequency; however the singularities at the Josephson 
frequency uq are very soft in this situation, for example the singularity in the emission noise is 
of the type 6'(cI;o — a;)|a;— (DqI^ for g = 1/3 which is very weak and becomes basically impossible 
to observe. A similar situation happens for the absorption noise, as can be seen from Fig. [TTl 
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Figure 11: The non-symmetrized noise in the tunneling current St{uj) as a function of frequency (in 
units of ujQ = eV/h) for v = 1/3 (full line), and v = 1 (dashed line). The noise St{uj) is given in units 
of elt for the case oi g = 1, while for g = 1/3 the units are arbitrary to facilitate the plot of the two 
curves on the same figure without a loss of information at large negative frequencies. 

5 Conclusion 

We computed the high frequency non-symmetrized noise for a FQHE sample with small 
backscattering. At zero frequency we retrieved the classical result, S = 2gelB- At finite 
frequency and zero temperature the most striking feature we observe is a singularity at the 
Josephson frequency uq = geV/h. This singularity is rounded off by temperature. For a 
non-interacting system (z/ = 1) this feature is cusp-like, while it has power-law resonant char- 
acteristics (a peak, or a "positive peak - negative dip" structure depending on the quantity 
measured) in a strongly interacting system, e.g. (z/ = 1/3). 

Other important aspects that we observed were that the non-symmetrized correlations of 
chiral outgoing branches are entirely even in frequency. However, the backscattering-induced 
noise in the total current is not even. If one looks instead at the excess noise we see that 
this is even in the absence of interactions, but it becomes asymmetric if the electron-electron 
interactions are taken into account. Thus, the asymmetry with respect to positive and negative 
frequencies in the excess noise can be used to assess the Luttinger liquid character of a system. 
Also we noted that the excess noise (both symmetrized and non-symmetrized) can become 
negative in some regions of frequencies, and for very strong electron-electron interactions; this 
may provide a signature of Luttinger liquid physics. 

If the distance between the scattering site and the measuring point is significant, oscilla- 
tions of the noise with respect to frequency will also appear. The period of these oscillations is 
proportional to the fractional charge g. Such oscillations do not occur in correlations of chiral 
outgoing branches, but are manifest in the absorption part of the non-symmetrized noise of 
the total current, as well as in the symmetrized noise of the total current. 

We have also analyzed also the limit when the strength of backscattering is very large 
and the system is disconnected in two subsystems, in this situation the noise is dominated by 
electrons tunneling between the two subsystems. 

We should note that, while not done here, for the case of weak backscattering it would 
also be interesting to compute the higher order corrections in the backscattering amplitude 
r for the emission and absorption noises at high frequencies. As shown in [5J, the fourth 
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order contributions to the high frequency symmetrized noise in a Laughhn state as well as in 
a non-Abelian Pfaffian state contain information about fractional and non-Abelian statistics; 
it would also be interesting to see what are the effects of the higher order corrections for the 
non-symmetrized noise. 
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discussions. CB acknowledges the support of a Marie Curie Intra-European Fellowship. 



Appendix A: The Keldysh formalism used to calculate 
the non-symmetrized noise 




Figure 12: The two branches of the Keldysh contour 



As depicted in FigHSl we introduce the standard Keldysh time contour [16] and we denote 
by $^ and $~ (a = R/L denotes the chirality) the complex fields on the upper and lower 
time branch of the contour. We introduce the generating functional 



Z[J] = ^ 1 2^«fJ/^exp{ - 1 I dr'dr" E "^2(r')(C-^)r'(r', r")<^>^ (r")} 

^ V,V'=± a=R/L 

X exp { 5^ ( - ^r/ dt'HBm) + E ^ / d^J2{^m{4) ] (62) 

»?=± r,=±,a=R/L •' 

where the vector label r' stands for r' = (x', t'), / dr' = dt' dx', and J\fz is a normal- 
ization factor, which assures that Z[0] = 1. In Eq. (1^21) . C~^(r',r") is the inverse of a 4 x 4 
matrix defined by the four free correlators 

CrV; r") = Q^^'ir'; r") = ($2(r')«f 2>"))o (63) 

and 

Cr'(r';O = (64) 

if a ^ b. Also, (. . .)o indicates the average performed with respect to the free Hamiltonian ([3]) 
along the Keldysh contour. For a Luttinger liquid with a backscattering site and in presence 
of an applied voltage, we have 



6Z[J] 



77=± r)=± 



(65) 

j=o 
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One can simplify the notation by introducing infinite-dimensional vectors and matrices where 
both r, 7] and a are component labels. Defining 



$+(r) 



(66) 



(67) 



and 



/C++(r,r') Cr(r,r' 



c 



Q+(r,r') Q-(r,r') 












v 













C++(r,r') Cr(r,r') 
C^ + (r,r') C^-(r,r')/ 



(68) 



one can rewrite the generating functional ( l62i) as 



1 /■ -if #rc-i^_2a^# ) 



where the superscript ^ indicates the transpose. Shifting the fields 

$ $ + A , A = iCJ , 
the generating functional can be factorized into 

Z[J] = Zo[J]Zb[J], 



(69) 



(70) 



(71) 



where Zq and Zb are given below. In particular, Zq is the generating functional in the absence 
of a backscatterer and reads 

Zo[J] = e-^^"" (72) 
The second factor Zb in ( 1711) is the generating functional 

r" + 00 



ZB[J{r)] = (exp[--Y,V 



nB[<^l + <i>l + Ai + Ai]dt' 



(73) 



which weighs the backscattering term, and where the dependence on the source field J(x) is 
contained in the shift A defined in Eq. (ITOl) . In components, the latter reads explicitly 



K = [ rfx^^Cr'(r;x)J,^'(x) 

ri'=± 



(74) 



The Keldysh Green's functions can be related to the regular Green's function using the rela- 
tions: 
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Here Cf'^ are the retarded and advanced Green's function respectively, 771^2 = ±, and is 
defined in Appendix B; for an infinite Luttinger liquid we evaluate it explicitly in Appendix 
B. 

The finite frequency non-symmetrized noise Sab{x,y,u) is defined as 

/oo 
dte'^'2{AUy,0)AUx,t)) , (76) 
-00 

where a,b stand for the right/left moving indices, and Aja{x,t) = ja{x,t) — {ja{x,t)) is 
the current fluctuation operator, with ja{x,t) = edt^a{x,t)/ y/li. Thus, using the Keldysh 
formalism we can express the non-symmetrized noise as 

Sabix,y,u) = / dUe'^'^—dtAy{My)M^))k=o (77) 
J —00 ^ 

(78) 



'OO 

' due-'4d,d,^ 



^ J-00 ^ " ^^9J+(x)9J-(y 



ty=0 



The noise in the total current is obtained by summing up Sjir + Sn + Srl + Sir- The 
procedure of taking the functional derivatives is lengthy but straightforward and follows closely 
the procedure described in Ref. [7j. We obtain 



Sabi^, y, w) = Safe(a;, y, ^) + S^hix, y, ^) + S^^ix, y, u) + aS^^ix, y, u), (79) 

where a = for the symmetrized noise and a = 1 for the non- symmetrized noise. Here we 
have 



with 
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s:,{x,y,u;) = 5ab^{C^ix,y,uj) + a[C^ix,y,cu)-Cfix,y,u)]}, (80) 

TT 

S^,ix,y,u) = -—Cfix,0,uj)C]^iy,0,-uj)Uuj), 

TT 

Sg{x,y,u;) = - — [C^ix,0,uj)C]^iy,0,-uj)fci-uj) 

71 



+C(x,0,a;)C^(y,0,-^)/c(^)], 
S^,{x,y,u) = -'^[C^{x,0,uj)C]^{y,0,-uj)fc{-u;) 

71 

-4^(x,0,cu)C,^(y,0,-cu)/c(cu)] 



/oo 
e^-*C™(x,t;y,0)dt, (81) 
-00 



for m = A,TZ, /C, and xq is the backscattering position which we will set to zero. 
The functions /a(i^) and fc{^) are given by 



/oo 
dte'-'{{AMt),AMO)}), (82) 
■00 
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where Ajsit) = jsit) — {jB{t))- The expectation values are performed with respect to the 
full action. Also, js(^) is the backscattering current operator at the backscattering site 



jBit) 



Similarly 



dt{e'-'-l){[jB{t),jBm) ■ 



We can evaluate Ja and fc perturbatively up to second order in F to find: 

/aH = 47r(J)Vr /"'^^cos(a;t)cos(a;ot)y]e^'^^('^'^*'°'°) 
^ri^ Jo 



(83) 



(84) 



(85) 



m=±l 



coth 



2kBT J Jo 



s=± 



and 



fc{uj) = 27r(|) Vr dt{e'^' - 1) cos(c^oi) J] se^'^^(°'^*''^'°) 

where loq = geV/h, and C is the generalized correlation function 

C(.,.;.,0) = ^(.,.)^(,,0)-i!i^^l±^ 



(86) 



(87) 



with $ = <|>^ + <|)j^. 

The Green's functions for an infinite Luttingcr liquid system are presented in Appendix B. 
Using their specific forms we find that for a; = y > 0, the noise in the absence of backscattering 
is 



guje^ 



2n 



coth 



( fiui \ 
\2kRT) ~ 



a 



s"(x, X, uj) 



TT 



coth 



a 



(88) 



with the cross correlations between the right and the left-movers vanishing. The backscattering 
induced noise is 



2 2 

SS%ji{x,x,uj) = |^/a(^^) - l^coth 

6S'l^{x,x,Lo) = 
SS%l{x, X, uj) + SSIjiix, x,uj)^ - 
X I exp ^ ^^^^1^1 j _ exp 



huj 
2kBT 



.El 

An 
2iguj\x 



coth (—r^-=\ - a\ X 
)/c(-^)} 



(89) 
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Here, as before, we denote the symmetrized noise by a = and the non-symmetrized noise 
by a = 1. The noise in the total current is 



9' 



9' 



5^-(x,x,.) = -/^M--coth^2A:^^ 



2 r 



[fciu;) - fchiv)] - ^ 



coth 



2kBT 



a 



X 



2igu!\x\ 



Vf 

Similarly, we find: 



(90) 



^Srl{x, -X, u) = ^/a(^) - ^ coth 



Tiuj 
2kBT 



coth 



Noting that 



/aH = -47r^|r|2 ^ coth 



m=±l 



2kBT. 
2kBT 



a 



and 



(91) 



(92) 



(93) 



where J^g{uj) was defined in Eq. (1271) . we retrieve the equations presented in section 3. 



Appendix B - Chiral Green's functions for an infinite 
Luttinger liquid 

The correlations for two chiral operators in a Luttinger liquid can be computed from the 
fundamental correlations: 



Ca(a;,t;y,0) = ( $a(x, t)<l>,(y, 0) - 



$^(a;,t) + $2(^,0) 



(94) 



We find that 



CR/L{x,t;y,0) = -^logj — - 



l + i[t^g{x-y)/vF]uJh\ ^ 9, / 7rT[t =F fi'(x - i/)/^;^ 



^ig{x- y)/vFUJh 



I sinh nT[t =F 9{x — y)/vF] 



(95) 

with the two-point function between a right mover and a left mover being zero. The total 
two-point function C is obtained by summing the two components. By definition: 



C(r; r') 



-^^(t'-t)([$„(r),<|.„(r')])o 

^^(t-t')([$a(r),$„(r')])o, 

({<fa(r),<f„(r')})o 



with the corresponding Fourier transforms: 

C^{x,y,u)- 



e''^'C'^{x,t;y,0)dt 
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(96) 
(97) 
(98) 



(99) 



for m = A,TZ, K,. 
We obtain 



and 



C^(x, y, u}) = _ Ae-^5^l^-2^l/^^ (100) 
Zlu 



CT/«(x, y, u) = l-e^^^-^^-yy^-e[T{x - y)] 

y, u) = l-e^9^\^-y\/^p (101) 

while, up to some constants 

Cf,Jx,y,uj) = Ae™-(-j/)AF ^oth ( 
L/RK J \2kB2 

C'^ix, ^) = 5 - y)/vF] coth (^1^) ■ (102) 

We observe that the total C satisfies the fiuctuation-dissipation theorem, while this is not the 
case for the individual chiral Green's functions. 
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